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SUMMARY

An analysishasbeenmadeof availableexperimentaldatato BhOW8. the effectsof mostof thevariablesthataremorepredominantin deter-
miningbasepressureat supersonicspeeds.The analysiscoverstwo-

* dimensionalbasesandthebasesof bodiesof revolution,withandwith-
outstabilizingfins,andis restrictedto turbulentboundarylayers.
The presentstatusof availableexperimentalinformationis sumnarized
as aretheexistingmethodsforpredictingbasepressure.

A simplesemiempiricalmethodthatessentiallyextendsthemethcd
of CortrightandSchroeder(NACARM E5W’26)is presentedforestimating
basepressure.For two-dimensionalbases,thismethodstemsfroman
analogyestablishedbetweenthebase-pressurephenomenaandthepressure
riserequiredto separatetheboundarylayer. An analysismadefor
axiallysymmetricflowindicatesthatthebasepressureforbodiesof “
revolutionis subjectto thesameanalo~. Baseduponthemethodspre-
sented,estimationsaremadeof sucheffectsas Machnumber,angle-of-
attack,boattailing,finenessratio,andfineffects.Theseestimations
areshownto givefairpredictionsof experimentalresults.

IN’TROIXJCTION

f

The problemof predictingthebasepressureat supersonicspeeds
hasreceivedconsiderableattentionin recentyearsand severalmethods
havebeenadvancedrecently(refs.1 to 6),someof whichgivemuch
mre satisfactoryresultsthantheoldermethods(refs.7 to 9). The
workof CroccoandLees (ref.1) givessatisfactoryqualitativepredic-
tionsthroughouttheReynoldsnumberr=ge andmay ultimatelygive
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satisfactoryquantitativevaluesif theproblemofpredictingtheReynolds -i

numberof transitionin bounda~ layersandfreewakgsis sufficiently
overcomeand if somereliablebasicendvalueof thebasepressurecan
be usedas a startingpointfn thecalculations.The semiempirical

w

meth~ of Chapman(ref.2 andadditiomilcomparisonsin ref.10)has
provedsatisfactoryforthepredictionofthebasepressureon boat-
tailbodiesandairfoilswhentheboundarylayeristurbulent.This
method(ref.2) utilizesexperimentaldataon profileswithoutboat-
tailingas compiledin reference10. In reference3JCortrightand
Schroederhavepresenteda methodforestimatingthebasepressureon
a boattailbodyhavinga turbulentboundarylayert=t utilizesmy
datawhichprovidetheseparationangleat thebaseas a functionof
Machnumberaheadof thebase. Existingcomparisonsbetweenthismethod
andthatof reference2 appearto indicatethatbothmethodsgive,in
general,reasonableagreementwithexperimentalmeasurementsof boat-
taileffectsforbodiesof revolutionandfortwo-dfiensionalairfoils.
Themethodof Cope(ref.5) doesnotappearto giveae satisfactorya
predictionas thatof Chapmanand,as Copehaspointedout,theapproxi-
mationsandassumptionsinvolvedresultin a firstapproximationonly.
Littleis hewn by thepresentauthorof therecentmethodof Gabeaud
beyondtheinformationgivenin reference4; therefore,thelimitsof ,
itsapplicabilityareunlmown.GabeauddoesappearTo confinehis corn- -
parisonsto experimentaldatafromfinnedbodiesof revolution,but
sincetheequationes givenin reference4 includesno termsto cover W

fineffects,thevalueof themethodremainsin question.Themethod
of Kurzweg(ref.6) appearsinadequatesinceit givesidenticalresults -
forairfoilsandbodiesof revolution.

To date,considerableexperimentalworkhasbeen:devotedto invest-
igationsof basepressureat supersonicspeeds.The-reportedinvesti-
gationsaretoonumerousto makereferenceto allherein,but refer-
ences11 to 33,in additionto certainof thosepreviouslymentioned, “ _
areexamplesof workthathasbeendoneto determine‘theeffectsof
variousvariablesuponbasepressure.References?, 18,19,22,and27
reportinvestigationsin whichtheeffectsof support_interference
uponbasepressurehavebeenstudied.References2 and18 include
investigationsof theeffectsof disturbancesenteri~ thewake(ref.2
withstingsupport,andref.18 withoutstingsupport).A numberof
the referencesshowthevariationof basep“ressurewithReynoldsnumber
at a constantMachnumber. (Seerefs.2, 6, 11,17,18, 27,31,and32,
forexample.) Theseandotherreferencesshowtheeffectsforbodies
of revolutionof suchinfluencingvariablesas thepresenceof fi~,
locationof fins,jetflow,noseandbaseshape,andboattailangle.
Reference12andpartsof references29 and33 areexamplesof studies
devotedto essentiallytwo-dimensionalbasepressures.Withthis
accumulationof experimentaldataandthecompilationsof datanowin k.
existence,particularlythosein references2 and10,-readyassessment
maybe madeof theeffectsof mostof theprimaryinfluencingvariables

Y
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as wellas an evaluationof anymethodadvancedto predicttheseeffects.
However,as willbe shown,thereis stilla needforexperimentalinfor-
mationon theeffectsof certainvariables,particularlythoseassociated
tithfineffectson bodiesof revolution.

In thepresentinvestigation,onlybodiesandwingshavingturbulent
boundarylayersaheadof theirbasesareconsidered.Thisrestriction
to turknilentboundarylayersis not severeforpracticalapplication
since,at theReynoldsnumbersforfull-scaleaircraftor missiles,the
likelihoodof realizingcompletelaminarflowoverthebodyor wingis
remote,particularlyso forthebody;in addition,thepresenceof sta-
bilizingfinscausestransitionevenat lowReynoldsnumbers. (See
ref.18.) The advantageof thisrestrictionis thatit permitseffects
ofReynoldsnumberto be ignored.References2, 10,12, 15,and 31,
forekample,haveshownthat,oncea fullyturbulentboundarylayer
existsaheadof thebase,thevariationin basepressurewithincreasing
Reynoldsnumberis small.

Thepurposeof thisinvestigationiE to makea summarysmalysisof
availableexperimentaldata,includingsomeresultsobtainedrecently
in theLangley9-inchsupersonictunnel,to showtHe effectsof mostof
thevariablesthataremorepredominantin influencingbasepressure
andto advance,wherepossible,simplesemiempiricalmethodsforthe
predictionof theseeffects.Thesemethods,whiletheymaynotbe
significantlyadvantageousoverormuchdifferentfrcmmethodsnow in
existence,arebelievedto showa moredirectrelationbetweenwake
andbodygeometry.Furthermore,a vtscousanalogyis established
betweenthetrailingshockandthepressureriserequiredto separate
theboundarylayer. The firstportionof thispaperwi.11.dealwith
two-dimensionalbasepressures.The secondportionwilldealtiththe
basepressureon bodiesof revolutionandwillbe coveredin twosec-
tions: bodieswithoutfinsandbodieswithfins.

SYMBOLS

angleof attack

free-streamMschnumber

Machnumberaheadof base

Machnumberaheadof trailingshock

staticpressureaheadof trailingshock

dynamicpressureaheadof trailingshock
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P2

Pr

P

‘B

D

h

t

c

t-w

x

staticpressurebehindtrailingshock w

pressure-risecoefficientrequiredto separatea boundary
P2 - P1

layer, ~1

thecriticalanglefora two-dimensionalturningof theflow
througha shockthatwillcause-theboundarylayerto
separate

PL - Pm
pressurecoefficient, —-

~cn

basepressurecoefficient,
PB-Pm
qm

basepressure

localpressure

free-streamstaticpressure
‘0

free-stresmdynamicpressure .9

boattailangle

anglebetweenfree-streamdirectionandthe edgeof the
convergingwakein axiallysymmetricflow

localinclinationof bodysurfacewithrespecttobodycenter
line

effectivetwo-dimensionalexpansionangleat baseof bodies
of revolution

maximumbodydiameter

basediameter

finthickness

finchord

wakethicknessjustbehindtrailingshock

distancefromtrailingedgeof finto baseof body(positive
whentrailingedgeis aheadof base)measuredparallelto
bodycenterline
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w N distancebetweenbaseofbodyandapproximatelocationof
baseof trailingshock,measuredparallelto bodycenterline

* L bodylength

R Reynoldsnumber

Y distancefrombodycenterlinemeasurednormalto body
centerline

T singlebetweenmeridianof finand anyothermeridian

7 ratioof specificheatsforair

I- TWO-DIMENSIONALBASEPRESSURE

AnalotzJto pressureriseforseparationof boundarylayer.-The
recentcompilationof datareportedin reference34has shownthepres-
sureriseacrossa shockwavethatis necessaryto causeseparationof.
theboundarylayeron a flatplatewitha forward-facingstep. In that
investigation,thePrandtlpressure-risecoefficient(seeref.35)is

d presentedin termsof theratioof thedifferencebetweenthestatic
pressuresbehindandaheadof the shockto thedynamicpressureahead
of theshock. The datacompiledin reference34 andrecentresults
obtainedin theLangley9-inchsupersonictunnel(9 in.SST)andthe
mixing-zoneapparatus(MA) of theLangley9-inchsupersonictunnel
areshownin figure1. Of the indicatedvariationsof Pr with R,

the greatestappe=s to be proportionalto R-1/12 whichis considera-
bly lessthanthetheoreticalvariationproportionalto R-1/5. The
leastvariationis essentiallyzero. Examinationof thesedataand
theirsourcesindicatedthat,withintheaccuracyof thetestprocedures
employed,thepressure-risecoefficientexperiencessmallor almostno
variationwithReynoldsnumberwhentheboundarylayeris turbulent
providedthestepheight(fig.”2(a))is at leastseveraltimesthe
boundary-layerthickness.For thepurposesof thepresentinvestigation,
thisvariationis assumedto be negligiblesinceit is of thesameorder
as thevariationof basepressurewithReynoldsnumberwhentheboundsry
layeris turbulent.

Figure2(a)givesa sketchof theseparationphenomenaon a flat
plate. Sincethe supportedboundarylayer(boundarylayeradjacentto
a surface)willwithstandonlya certaincriticalvalueof Pr before
separating,thereseemslittlereasonto believethatan unsupported

* boundarylayer(freewake)wouldhavea criticalvalueof Pr thatis
muchdifferent.Thiscriticalconditionforseparationmaybe expressed
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in termsthataremoreanalagousto thephysicalcharacteristicsof the
flowbehinda two-dimensionalbase: thatis,theanglethroughwhich
theflowis turnedhasa criticalvalue 8 fora givenvalueof Ml
thatcannotbe exceeded.Comparisonof figures2(a)and 2(b)showsthe
analo~ betweentheseparationphenomenaandtheflowbehindtheba~e-.
On thebasisof thisanalog,theexperimentalvaluesof ~r as a
functionof ,MI.maybe usedto obtainthestaticpressureratio p2/pl
acrosstheshockand,thereby,thevalueof 5 maybe calctiated.
Once 5 is know, ~ ie determined,andthevariationof thebase
pressurecoefficientPB with ~ maybe computedfromthevariation
of Ml with ~. Figure3 presentstheyariationofl-Pr with Ml.
Eachpointrepresentsthevalueof Pr averagedovertheReynolds
numberrangefortheparticularvalueof Ml. Thevaluesof Ml were
selectedon thebasisof theexaminationof thedata--describedin the
previousparagraph.Withtheexclusionof thepointat Ml = 3.03,
alldatawereflat-platedata. The datafor Ml = 3~3 wereobtained
by slidingtwo circularcollarsalonga tubehavinga_radiu8of
1.47inches.The ratioof theradiusof the collarto theradiusof-
thetubewas approximately1.2forthelargercollaramd1.1forthe
smallercollar.Accordinglyan approximationof the_three-dimensional
effectwasmadeandappliedas a correctionto thepointat Ml = 3.03
as indicatedin figure3. ThiscorrectionWEL8obtainedby measuring
theangleof flowdeflectionalongtheboundaryof theseparatedregion
closeto thebeginningof separation.

The calculatedvariationof b with ~, baseduponthecurve
throughtheexperimentalvaluesof Pr andtheextrapolationbeyond
MI = 3.03,is shownby thelowercurvein figure4. The corresponding
basepressuresareshownby thesolidlinein figure5. ~SO shownin
figure5 arethecurvesof absolutelimitingbasepressure(vacuum),
inviscidlimitingbasepressure(maximum-deflectiontrailingshock),
andtheexperimentaldatacompilationsfromreferences10 and 29. The
predictedmagnitudeandvariationofbasepressurewithMachnumber
calculatedfromthepressurerisenecessaryto separatetheboun~
layeris seento be in fairagreementwiththeexperimentalresults.
The factthatthepredictedbasepressureis slightlyhigherthan
experimentmaybe dueto severalfactors:first,theeffectsof a
small variationof Pr with R; second,thepredictedvaluescorre-
spondto isentropicflowaheadof thebase;third,themixingprofile
mightbe alteredove~thefreejetregionby thepresenceof vorticity
in the“eemideadair regionin a mannerwhichwouldincreasethe .
maximum Pr;andfourth,thefreewakemaywithstand“ahigher Pr as
theresultof theabsenceof thedampingeffectupon@rbulentoscilla-
tionswithintheboundarylayerthatis createdby thepresenceof a
solidsurface,An incrementof 0.06addedto Pr as shownby the

v

v
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uppercurvein figure3 givestheuppercurveof 5 again~t~ in
figure4 andthe slightlylowerbasepressuresshownin figure5.

In reference36,someresultsaregivenforthepressurerise
acrossthetrailingshockbehinda rearward-facingstepas Machnum-
ber andtheslopeof the surfacefollowingthesteparevaried.
Throughtheexperimentalrangeof Ml fromabout1.8to 3.4the
resultsareshownto be in goodagreementwiththeempiricalrelation

P2 - P1 M12
=—

PI 4
(1)

In termsof thepreviouslydefinedpressure-risecoefficient,eqm-
tion(1)givestheinterestingresultthat Pr is independentof Ml
endis e&al to 1/27. The curveshotingthevariationof ~ with
M. calculatedfromthisconstantvalue-ofPr hasbeenenteredon
figure5 forcomparison.As wouldbe expected,thepredictedvalues
of ~ tendto be highat thelowerMachnumbers’andlowat thehigher
Machnumbers.The resultsfromthe forward-facingstepsare,there-
fore,morereliableforpredictingbasepressuretb the resultsfrom
therearward-facingstepwithvaryingslopeof theafterbodysurface.
Thiswouldseemto indicatethatthe establishmentof thepositionof
theshockis moreanalogousto theconditionsof thetrailingshock
commonto basephenomenawhentheturningof the‘flowis createdby a
separatedregionratherthanby a solidsurface. .

Effectsof boattailing.-The variationof 5 with ~ givenin
fi~re 4 maybe usedto calculatetheeffectsof boattailingon two-
dimensionalairfoilswhere ~ <5. Since b is measuredwithrespect
to free-streamdirectionanddefinesthelimitingturningangleof the
flowthroughthetrailingshock,thevalueof boattailangle ~ is
subtractedfromthevalueof 5 thatcorrespondsto theMachnumber
immediatelyaheadof thebaseto obtainthevalueof b tobe usedin
computingthe
Cortrightand

When ~
factthatthe
replacedb,ya

basepressure.(Thisprocedureis the sameas thatof
Schroederpresentedin ref.3.)

exceeds b thebasephenomenais complicatedby the
expmsionwhichexistedat the cornerof thebaseis
compression,or shock, Thebasephenomenathusincludes

tw~ shocks-whose~trength&areinte&elated.FGr a givenconfiguration
the shockat the cornerof thebasemaybe relatedto thenecessaxy
conditionsof the trailingshock(basedupon Pr as before)through
theusualtwo-dimensionalshockrelations.So longas thepressure -
riseacrosstheshockfromthecornerof thebasedoesnotreach Pr,
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sufficientlylarge, Pr Wi11
cornerwillmoveforwardonto
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.
corner.However,when ~ becomes
havebeenexceededand-theshockat the
theboattailor bdy 6mface untila P

pointof equilibriumis reachedforwhichthepressureriseis equal
tO Pr. Forboattailsformedby flatmrfacesandhavingan abmpt
beginning,suchas a shoulder,theshockat thecornerwillmove
rapidly,if notimmediately,fromthecornerto thesShoulderwhen Pr
forthisshockis exceeded.Consequently,at verylarge ~ this
shockwoulddisappearforsuchboattaflshapessinceat D =90° all
conditionsare,withintheassumptions,identicalto=thosefor p =(,)~.
Thebasepressureat largeboattailanglesmust,therefore,tendto

e

revertto thevalueat p =00.

In allcalculationsby thepresentmethod,thepressureandMach
numberaheadof thebasearetakenintoaccount.Whenseparation
occurson theboattailtheMachnumberandpressureaheadof the
separationpointareusedas describedin theprecedingparagraph.

In figure6, predictionsof the effectsof boattailingby the
presentapproachare,comparedwithexperimentalresultsandtheesti-
matesof Chapmanas givenin reference10. No estimateis shownfor

“

themethodof CortrightandSchroedersince”whenappliedto theresul-ts
of figure4 it givesan estimatethrough @ S b thatis identicalwith b
thepresentestimate.Thebasic(lower)curveof fi~re 4 hasbeen
ustiin thecalculationsforthepresentestimateandthecalculated
curveof basepressureha~,withoneexception,been:hiftedto pass
throughthevalue‘at ~ = O, whennecessary,to agreewiththe initial
conditionof Chapman’sestimate.The sameprocedurehasbeenusedfor
thecurvesin figure7 wherecomparisoniBmadeof thepresentestimate
andresultsobtainedin reference29. In the comparisonsof figure6
at Mm = 1.50,thelackof experimentalresultsat 13= O prevents
my reliableassessmentof themethods.However,thevaluefor p=o
isbelievedto be somewhatlowerthanthatassumedin reference10,
sinceforlargeboattailanglesthevalueof P~ mustbe approximately
equalto thatfor p =(-JO.Forthisreason,andon theba6isof results
to be presentedin figure7 at Mm = 1.41,thepresentestimatehas
beenfairedas shown. The comparisonsat Mm = 2.OO.infigure6 seem
to indicatethatthepresentestimateindicatestrendsthattendto
followtheexperimentalresults.

In figure7 thepresentestimateshowsfairagreementtiththe
experimentalvariation.The factthatthebasepressuredoesdecrease
noticeablywithincreasingboattailangleat Mm= 1.41 andsli@tly
at Mm = 1.62 wouldappearto justifythevalueof ~ = O ass&ed for
thepresentestimateat & = 1.50in figure6. The resultsof figure7

. indicatethatthepresentmethodof estimationtillgivea fairpredic- +

tionof effectsof boattailing.Boththemethodandtheexperimental
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* resultsshowthatin thelowerrangeof ~ increasingtheboattailangle
willdecreasethebasepressurebelow ~ x 1.9 andwillincreasethe

4 basepressurebeyond ~ % 1.9. The estimateof Chapmanhasnotbeen
includedin figure7 sinceit givesalmostzerovariationfromthe

Bvalueat = O. Someof the erraticvariationin the experimental.
valuesshownin figures6 and7 maybe dueto thefactthatthebase
heightsareof thesameorderas thethi.clmessof theboundarylayer,
an unavoidableconditionforthinairfoilswithboattailing.

Factorsotherthanthoseaccountedforin theestimationsby the
presentmethodcanaffectthereversionof thebasepressureat large
~ towardthevaluefor p=c+. The circulationwithinthewakeand
thethickeningof theturbulentwakeboundariesas theyapproach
juncturewould,forvaluesof ~ whereseparationhas occurredon
theboattailsurface,permitback-pressureeffectsfromthetrailing
shockto be iruportsd.Back-pressureeffectswould(fora given ~)
alsobe relatedto theratioof baseheightto maximumheight.For
ratiosnearzeroit is obviousthatthebase-pressurereversionmust
be gradualsincethebaseis movingslowlyawayfroma positionof
closeproximityto thebaseof thetrailingshockwhoseback-pressure
effectswouldtendto makethebasepressurehigh. For ratiosnear
1.0theseeffectswouldbe negligiblesincethebaseis neverin

4 closeproximityto thebaseof thetrailingshock.

Angle-of-attackeffects.-In references10 and12,the effectof
angleof attackfortwo-dimensionalbaseswithandwithoutboattailing
hasbeenshownto be small,if notnegligible,for & = 1.5to 4 and
foranglesof attackup to 9°. Additionalresultsthathavebeen
obtainedin theLangley9-inchsupersonictunnelare shownin figures8
to 12 (fig.n(b) excluded)and includesomeminorexamplesof the
effectsofReynoldsnumberwhich,althoughtheyarenotwithinthe
proposedscopeof thispaper,havebeenincludedto showthe conditions
forwhichtheboundarylayerwas turbulentaheadof thebase. The
modelconfiguration,whichspannedthetestsectionof thetunnel,is
shownat thetop of figure8. In allteststheverticaldistribution
of pressureacrossthebaseof themodelat themidspamstationwas
measuredandfoundto be essentiallyconstantat allanglesof attack
andat allReynoldsnumbers.Examplesof thisdistributionwillbe
presentedsubsequently.

The dataof figure8 showthatwitha turbulentboundarylayerthe
variationin pB with a is smallandthatonce a reachesa value
sufficientto causea compressionat thebasecornerof theuppersur-
face,furtherincreasein a increasesthebasepressure.Estimation
of thevariationin PB with a by thepresentmethodwas madeat

●

~= 2.41 and,as shownin figure8(d),the estimationis in good
agreementwiththeexperimentalresults.(Theestimatedcurvehasbeen

w
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shiftedslightlyto allowthevalueat P = O to be in generalagree-
!

mentwiththeexperimentalvalues.)

Figure9 presentssomeobservationsof thephenomenaat l& = 1.93.
w

An exampleof thevortexstreetwhichformsin thewakebehindthe
trailing~hock(reportedinmoredetailin ref.12)is shownin fig-
ure 9(a). Figure10 presentsadditionalobservationsof thebase ‘“
phenomenaat Mm = ,2.41 forvariousanglesof attackandReynolds .—

numbers.All thephotographsshowthepresenceof thelipshocksthat
extendrearwardfromthe cornersof thebase;theseshocksarisefrom
thetendencyof theflowto overexpandinitiallyas it turnsthecorner,
so thata shockis requiredto turntheflowin thedirectiondeteniined
by themixingboundariesof theso-calleddead-airregionas shownin
figureU(a). The inclinationof themixingboundariesandthelip
shocksare,therefore,directlyrelated,andas shownin figure12,
theirinclinationsvarywithReynoldsnumberuntila fullyturbulent
bounda~ layerexistsaheadof thebase. (Whiletwo-dimensionalbases
facilitatetheobservationof theseweaklipshocks,it is of interest
to notethatlipshockshavebeenobservedin theflowaboutthebase
of a bodyof revolution.An exampleof thisis sho~in figureU-(b)
whichpresentsa photographobtainedin testsof a 15 cone-cylinder
in a ballisticrangein theLangleygasdynamicslaboratory.In

.

axiallysymmetricflowthelipshocksareseento be curved.)No attempt
ismadeto accountforthepresenceof theseweakshocksin theesti- k
matesof basepressurein thisreport.

On thebasisof the configurationemployedandtheresultsshown
in figure8, an analogymaybe drawnforthebaseseparatingtwosuper-
sonicstreamshatingdifferentMachnumbersanddifferentstaticpres-
suresjustaheadof thebasebut essentiallyequalstagnationpressures.
(Forexample,at Mm = 2.41 and m . 20°, ~ % 3.@ on theupperSW-
faceand1.58on thelowersurface.) If theparticularvaluesof the
Machnumbersandstaticpressureson eithersideof a basearesuch
thattheycanbe resolvedto essentiallythesameMachnumberand
staticpressureby superimposingangleof attack,thenthebasepressure
maybe estimatedby thepresentmethod. .

Generalremarks.-In viewof thereasonablycloseanalogythathas
beenshownto existbetweentwo-dimensionalbasepressuresandthe
pressurerisethrougha shockrequiredto separatetheboundarylayer
froma flatplate,thereverseof theproceduremay obviouslybe
applied;thatis,measurementsof basepressuresmaybe acceptedas a
meansof estimatingthepressureriseforseparationof theboundary
layer. Investigationof thisan.alo~forlaminarbounda~ layersand
laminarwakesmight,withtheadditionalconsiderationof Reynolds
number,leadto an establishmentof theReymoldsnumberforwake
transitionandtherebysupplyoneof thecriticalvaluesforthepredic-
tionof basepressurewithlwninarboundarylayers.On thebasisof

%’

‘#
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.<
existingexperimentalresultsandmalyses,it
assumeforengineeringestimatesthatthebaae

● bodieswillbe unaffectedby boattailangleor

11

appearspermissibleto
pressureon two-dimensional
mgle of attack.

II - BASEPRESSUREON BODIZSOF REVOLUTION

BodiesWithoutFins

Analo@Jfto pressureriseforseparationof theboundarylayer.-
Forbodiesof revolution,andthereforeforaxiallysymmetricflow,
thequantitativeeaalo~ betweenthepressureriserequiredto separate
theboundarylayerandthebasepressureis not readilyestablished;
however,acceptingthe ideathatthepressureriserequiredto separate
theboundarylayerdeterminesthebasepressurepermitsa qualitative
analog to be draw-n.

Figure13presentsa sketchof theflowphenomenaat thebaseof
a bodyof revolutionforwhichthevariationin Machnumberon thebody
surfaceis zero. The convergingwake(Ato B) is essentiallyconical
andmustexperiencea recompressionalong AB,whereasfortwo-
dimensionalflowthe convergenceof thewakewouldcauseno changein
pressurefromthatcorrespondingto thecompletedexpansionat A.

● For thebcdyof revolution,therefore,thereis a decreasein Mach
numberalong AB mch thatkmnediatelyaheadof B the localMach
numberis considerablylessthanwouldbe the casefora two-dimensional
basewiththe samevalueofMachnumberat A. Exactlyat B the
turningof theflowmaybe consideredtwodimensional;consequently,
thetwo-dimensionalpressure-risecoefficientwouldapplyexactlyat B
andthevalueof Ml wouldbe thatirmnediatelyaheadof B. It becomes
obvious,therefore,thatin orderto realizethesanevalueof Ml
justaheadof thebaseof thetrailingshockfora two-dimensional.base
andthebaseof a bodyof revolution,eachhavingthe samedegreeof
wakeconvergence,thevalueof theMachnumberaheadof thebase ~
mustbe considerablygreaterforthebodyof revolution.Fromthe
abovereasoningandin viewof thevariationof 5 with ~ shownin
figure4, thebasepressureon bodiesof revolutionwouldbe e~ected
to be considerablyhigherthanthaton two-dimensionalbodiesat low
andmoderatesupersonicspeedsandequalto or slightlylessthanthat
on two-dimensionalbodiesat highsupersonicspeeds.

Althoughexperimentalbase-pressureresultstendto confirmthe
precedingqmlitativeanalysis,quantitativeconfirmationthroughcalcu-
lationsbasedon Pr is desirable;however,it wouldbe necessaryto
lcaowthedistanceN (seefig.13)beforeanyreversecalculationcould

. be madeof theMachnumbervariationfrom B to A. Thisdistance
wouldof necessityhaveto be measuredfromexperimentalresultsand
thelocationof thepoint B wouldbe subjectto considerableerror.

G
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For thisreasonandfrom
in a reversecalculation
attempthasbeenmadeto

considerationof theinherenterrorsinvolved
of tblstype(methodof characteristics),no
applythiBapproach.Instead,measurements F

have~eenmade,frompublishedschlierenphotographs&d shadowgraphs,
of theangle 0 (seefig.13)betweenfree-stresmdirectionandthe
clearlydefinedouterboundaryof theconvergent-wake.Themainpart
of thesemeasurementswas obtainedfromshadowgraphsmadeby The
BallisticResearchLaboratories(BRL),AberdeenProvingGround,examples
of whichare shownin reference2. The resultsareshownin figureIk.

Severalvaluesof G and ~ fromfigure14 wereutilizedin
attemptsto calculatetheMachnumbervariationalongthe surfaceof
a conereplacingthe convergentwaketo determinewhethera reasonable
approximationof therequiredvalueof Ml couldbe obtainedat some
stationaheadof thetipof thecone. Themethodof-characteristics
was usedfirstin thesecalculations.Alltheresultsshowedthat,if
reliablepressureswereto be obtainedoverthe rearportionofthe
cone,moreandmorepointsmustbe addedto the characteristicnetas
theconetip is approached.Becauseof thiscomplication,the calcu-
lationswereconfinedto ~ = 2.00 and @ = 10.33°;the resultsare
shownin figure15. The thirdrefinementto thecalculations,which .

gave~ pointsalongthe conesurface,gavea valueof Ml of approxi-
mately1.60at the conetipas comparedto thecriticalvalueof about k
1.58determinedfrom Pr. It is difficultto estimatewhetherfurther
refinementsto thechsxacteristiccalculationswouldlowerthe calcu-
latedvalueof MI-muchfurther,but thefactthatthevaluethus
calculatedandthatdeterminedfrom Pr areof thessmeorderwould
seemto offer,at least,supportforthequalitativeanalog presented
previously.The lessexactmethodof smalldisturbemceswasusedin
several30-pointcalculationsand,excludingtherearward5 to 10 per-
centof the conewherethepredictedvaluesbeginto increaserapidly
towardinfinitepressureat thetip,theseresultsatiogavevalues
of Ml of thesameorderas thosedeterminedfrom Pr. Furthermore,
theresultsof reference18 wouldappearto indicatethatthetheoreti-
callypredictedpositivepressuresovertherearof a paraboliccon-
vergentafterbcdyarerealizedexperimentally.

Recently,measurementshavebeenmadein theLangley9-inchsuper-
sonictunnelof therecompressionalongthesurfaceof a 10°conical
afterbodyprecededby a cylindricalsectionandwithinthewakebehind
thebaseof a cylindricalsemibodyof revolutionmountedon a boundary-
layer-removalplate. The resultsforthe10°conicalafterbodyare
presentedin figure16 andshowclearlythattherecompressionalong
the conesurfacereachespositivevaluesandis of theorderof magni-
tudepredictedtheoretically.Figure17 presentsthewakepressures F
measuredon thesurfaceof theboundary-layerplateforwhichorifices

v
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L
werelocatedalongan extensionof thebodycenterlinead alonga
10°raypassingthroughthe shoulderof thebase. Althoughthewake

d pressures,thusmeasuredaresubJectto the effectsof thepresenceof
theplateswface,theyarebelievedto representa reasonablyaccurate
pictureof thetruevariationof thewakepressureswiththepossible
exceptionof regionsverycloseto thebase. At M= 1.93 a direct
comparisonmaybe madebetweentheresultsof figures16 and17 since,
as shownin figure14,thevalueof O at M = 1.93 is veryclose
to 100. Sucha comparisonshowsthattherecompressionalongthewake
boundaryis verysimilarto thaton the conicalafterbodyandthatthe
recompressiontendsto be slightlygreaterforthewakeboundary;thus,
the calculatedrecompressionat ~ = 2.00 presentedpreviouslywould
appesrto be a conservatismestimate.Theseresultscoupledwiththe
precedingamalysistendto substemtiatetheideathatthepressurerise
requiredto separatetheboundarylayeris thepredominantfactorin
determiningthebasepressurein axiallysymmetricas wellas two-
dimensionalflow.

The resultsof figure17 appearto be of additionalsignificmce
in thattheresultsat allMachnumbersshowthatthegeneralassump-
tionof constantpressurewithintheconvergentwakebehinda bodyof
revolutionis notpermissible.

Simplifiedrelationto wakeconvergence.-The uppercurveof fig-
ure 14 tlumugha Machnumberof about~, is fairedthroughthemeasured
experimentalvaluesof wakeconvergenceO presentedas a functionof
theMachnumberaheadof thebase. The doublesymbolfora given
measurementrepresentsthelimitsof measurementof e frombothsides
of thewake. All experimentalpointsrepresentthe caseof zeroboat-
tailing,md no measurementsweremadeforbodieshavingfinenessratios
lessthsm5. If the cylindricalafterbodywasnot sufficientlylong
to allowtheassumptionthattheMachnumberaheadof thebasewas close
to free-stremnMachnumber,theMachnumberaheadof thebasewas
determinedby themethodof characteristics.Figure18 presentsa
compilationof experimentalbase-pressuredataforbcdiesof revolution
withcylindricalafterbodies(zeroboattailing)includinga curve
representingthe compilationof experimentaldataby Chapmanfrom
reference10. For severalof theexperimentalvaluesof basepressure
in theMachnumberrangefrom1 to 4, theeffectivetwo-dimensional
expansionangle be at thebasewas calculatedandcomparedwiththe
valuesof themeasuredaxiallysymmetricexpansionangle 0. In all
instancesbe was approximately85 percentof 8. Becauseof the
recompressionthatexistsfrom A to B (seefig.13)andtheinfluence
of thisrecompressionon thebasepressure,G wouldbe expectedto be
somewhatlargerthan 5e. From ~ = 1 to k the curveof be in fig-
ure 14 was determinedas 85 percentof the curveof 0. Beyond ~ = 4,
thevaluesof be werecomputedfromtheexperimentalvaluesof base
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pressurefromfigure
as shownby assuming
numberrange. It iS

18andthecurveof e in figure14 was faired d

the85-percentfactorto holdthroughouttheMach
interestingto notethat,witblnexperimental L

accuracy,themsximumvalueof e is equalto themaxin&nvalueof 5
givenby thebasiccurveof fi~re 4. The factthatthisequality
existslendsfurtherweightto theanalogythatba_beenpresented,
sinceitmustexistif thebasisforthesmalogyis correct.

The curveofbasepressurecoefficientPB plottedagainst~
representedby thevariationof be = 0.85e against-~ is entered
on figure18. For comparisonwiththeexperimentalresults,curves
of theabsolutelimitingbasepressure(vacuum)andthepredictionof
Gabeaud(latestmethod,ref.4) havebeenincluded.Beyond Mm = 3 the
predictionof Gabeaudis seento givea goodestimateof theexperimental
results.However,as statedpreviously,littleis bown of themethod
exceptthemeagerinformationof reference4. Allavailableinfo~-
tionindicatesthatGabeaudconfinescomparisonswithhismethodto
finnedbodiesof revolution.Agreementof..themethodwithresults
fromfinnedbodies,particularlyatMachnumbersbelowabout3 must,
as in reference37,be consideredfortuitoussincetherelationgiven
in reference4 includesno termsto coverfineffects.As willbe .
shownlater,theseeffectsresultfromcombinationsof severalvariables
andaresignificant.The onlyconclusionthatwillbe drawnhereis
thatthemethcdof Gabeaudis satisfactoryforbodiesof revolution k

(nofins)withturbulentboundarylayersandzeroboattailingfor
Mm = 3 or greater.Whetherthi~methodis intendedto be applicable
to theseconditionsis not known.

Effectof finenessratioof cylindricalafterbody.-In thepreceding
discussion,therelationbetween PB and be was establishedforthe
Machnumberaheadof thebaseon bodieshatilngfinenessratiosof 5 or
greater.The finenessratioof the cylindricalafterbodyforthese
bodieswas always3 or greater.For shortercylindricalafterbodies
thevariationof thepressurealongthesurfaceof t~bcdy fromthe
pointof junctureof thenoseshapeandt4e_cylindric-alsectionto the
basecanbe appreciableandis a functionof noseshapeandMachnumber.
As theafterbdylengthisvaried,theMachnumbersmdpressurei.mnedi-
atelyaheadof thebasevaryandthebasepressurewo”tidbe expectedto
varyaccordingly.Additionaleffectsuponthebasep>essuremay result
fromthepressurefield(createdby thenoseshape)actinguponthe
wakeboundariesbutno attemptwillbe madeto accountfortheseeffects.
In thisapproximation,therefore,thepredictionof ~ as fineness
ratio L/h (or L/D)i~ variedbecomessimplya calctilationof the
pressureandMachnumberimmediatelyaheadof thebaseandtheapplica-
tionof thevalueof be fromthecurvein figure14. In thisand
otherdiscussionsto follow,thepressureandMachn~ber aheadof the w
basehavebeencalculatedby themethodof characteristics,unless
otherwisestated. “ 9
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Figure19presentsresultsof ba6e-presmremeasurementsmadein
theLsmgley9-inchsupersonictunnelon cone-cylimderbcdieswith
varyingafterlmiylength.The semiapexangleof the conewas 15°and
a transitionstripwas located1/2inchaheadof theshoulder.As
shown,theeffectof varyingReynoldsnumberwas small. At allMach
nwnbersthemethodqnployedgivesa reasonablepredictionof theeffect
of afterbodylengthon thebasepressure.The slightlyhigherexperi-
mentalbasepressures,as comparedwiththeestimates,maybe attrib-
utedto theneglectof theeffectsof thebody=inducedpressurefield
uponthewakeboundariesandto theuse of artificialtransitionwhich
hasbeenshownin severalinvestigationsto causethebasepressureto
be 5 to 10 percenthigherthanthatfornaturaltransition.(See

ref.27,forexample.) Whilethe correlationfactor (L/h)R-1/5pro-
posedin reference2 seemsmorethm justifiedfora configuration
wherevariationsin L/h havesmalleffectuponthepressureandMach
numberaheadof thebase,andin suchapplicationsis supportedby the
workof CroccoandLees (ref.1),theresultsshownin figure19 indi-
catethatapplicationof thisfactorto bcdieehavingappreciablevaria-
tionin ~ and p. with L/h wouldbe questionable.It is obvious
that L/h is by farthepredominantfactorin determiningbasepressure
forsuchbodies.The resultsforcone-cylinderbcdiescorrelatedin
reference2 in termsof (L/h)R-1/5showa correlationcurvethat* becauseof the smallrangeof R resemblesthe curvewhichwould
resultfroman L/h variationonly. If a particularvalueof L/h
wereassumedto havea largerangeof R in comparisonto othervalues
of L/h,it becomesapparentthata calculationofbasepressurefrom
thecorrelationcurveforthisparticularL/h wouldbe subjectto
significsaterror. The resultsof reference27 overa narrowrange
of R showthatotherinadequaciesexistin thisformof correlation
forb~ies havingvarying~ ~d P. with L/h.

Figure20 presentsreproductionsof shadowgraphsobtainedin an
investigationat theBallisticResearchLaboratories,AberdeenProving
Ground,reportedin reference21. The mdels werecone-cylinders
hatingvaryingafterbodylengthsas shownand semiapexanglesof
approximately10°. Free-streamMachnumberwas about1.84. TheMach
numberaheadof thebase ~ is indicatedforeachmodel. (Thevalue
of ~ forthe conecorrespondsto avanishinglyshortafterbody.)
Enteredon theshadowgraphsarethetangentsto thewakeboundariesthat
wereusedto measure 0, as aretheparticularvaluesof 0. The
generalagreementbetweenthesevaluesof 0 withthevaluesgivenby
the curveof figure14 at the correspondingMachnumbersaheadof the
basetendsto givefurtherindicationthattheeffectof varyingafter-
bodylengthuponbasepressureis essentiallytheresultsof thevaria-

4 tionin Machnumberandpressureaheadof thebase.

w
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21 thecompilationof experimentaldataby Chapman A

Lcone-cylinderof ~ = 5 andthecalculationsby Chapman
baseduponwakemeasurementsare~omparedwiththepresentmethodfor w
predictingtheeffectof afterbodylength.Alsoincludedforcomparison
is thecurverepresentingtheconditionfor ~ = Mm as givenin fig-
ure 18. Thepresentmethodgivesa goodpredictionthroughoutthe
rangeof experimentaldatawiththeexceptionof thelowestMachnum-
bers. In thisvicinity,+huwever,thenoseshockis approachingdetach-
mentandtheresultingvariationsin entropysad,possiblymoreimpor-
tant,thevariationsinbasepressuredueto transoniceffectswould
be expectedto causesignificantdeviationsof experimentfromeither
of themethods.The estimatedvariationsof figure21 alsoindicate
thattheeffectof shorteningtheafterbdydecreaseswithincreasing
Machnumber.

Effectsof boattailing.-In thesectionon two-dimensionalbase
pressures,theeffectof boattailingwhen p < 5 was shownto be
reasonablyestimatedby subtracting’P from 5. For axiallysymmetric
flow,however,theapplicationof thessmemethod(i.e. be - F)wotid
be expectedto be inadequateexceptforlargeratios.ofbasediameter
to maximumdiameterh/D.

-.
(As ~+1 closelytheuseof (be- ~) as

an approachwould,as concludedin reference3,be inadequatesincein
thelimittherewouldbe no influenceof theboattailuponthebase s“

pressure.) As h/D decreasesfromnear1 to O but P is heldcon-
stant, ~ willvaryaccording,to thevariationof ~ with h/D,
whichformostboattailconfigurationsis appreciable;the sametype
of pressurevariationthatexistsalongthesurfaceof theboattail
hasbeenshownfn figure17 to existalongtheboundaryof theconver-
gentwakeafterthebase,forexample,from A to B in figure13.
Consequently,theassumptionismadethat ~ ismodifiedby some
factor K andthatthequantityK~ is to be subtractedfrom be.
The factor K, therefore,representsessentiallya conversionof p
froma three-dimensionalto a two-dimensionalboattailin orderthat
it maybe usedwith bela two-dimensionalquantity.““Anadditional
assumptionismadethatthevariationof K with h/D is linear.
The limitsfor K areestablishedas follows:when :=1, K=l

sincetheexpansionexactlyat thebeginningof theboattailis two
hdimensional;when – = O, K = 0.85 sincethe empiricalconversion
D

factorOf e tO be was0.8s(thelatterlimitmaybe morereadily
visualizedby consideringp > 9). Thereareobviouslyothereffects

—

of varying h/D whichwillinfluencePB)suchas thosediscussedi.n
thesectionon two-dimensionalbases,whichmaketheabovelimitf3of K
a roughapproximationonly,particularlythelimitat ~ = O.

*
Forthe

T
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particularcaseof ~+o and @s

● thebaseof thetrailingshock. In
pressurevariationin theso-called

.

8

Q, thebasewouldalwayslienear

additionthedimnetricalandaxial
dead-airregionbehindthebaseis

greaterfora three-dimensionalthanfora two-dimensionalbaae. An
indicationof thisconclusionmaybe seenin figure22 wherethedis-
tributionacrossa two-dimensionalbaseanda cylindricalbaseof a
finnedparabolicbodyof revolution(bodyof ref.18 forwhichfin
effectswerenegligible)are compared.Theseresultsarefromtests
in theLangley9-inchsupersonictunnel.The distributionacrossthe
two-dimensionalbaseis seento be almostconstmt,whilethe cylin-
dricalbaseexperiencesappreciablevariationsnearthe edges. The
variationacrossthecylindricalbasewouldseemto confirmtheresults
of forcetestswhichhaveshownthatpressuresmeasurednearerthe
centerof baseson bodiesof revolutionaremorereliableforbase
dragestimations.Althoughno axialresultsareavailablefora two-
dimensionalbase,thelargeaxialpress~e variationsof thetypeshown
to existbehinda three-dimensionalbase(fig.17)obviouslydo not
existin a two-dimensionalwake,otherwisetherewouldbe negligible
differencein thebasepressureforsxiallysymmetricandtwo-dimensional
flow.

In figures23,24,and25theresultsof severalexperimental
measurementsof theeffectsof conicalboattailingarepresented,and
in figure26someaccumulatedresultsof measurementson theI?ACA
RM-10missilearepresentedandcomparedwiththe resultsobtainedby
thepresentmethod. For computingPB when ~ > f3,theprocedure
employedin thetwo-dimensionalanalysiswasusedwith KP and be.
In figure23,comparisonof thevariousmethodsandthe experimental
resultsfornegativeboattailing(simplecones)showsthatallmethods
arefairpredictionsof variationandma~itude. For negativeboat-
taili.ng,thepresentmethodrevertsto findingPB fora cone-cylinder
bodywherethe cylinderlengthbecomeszero. For positiveboattailing
allmethds arefairpredictionsof trendandmagnitudethrough ~ ~ 10°,
thoughthepresentmethodindicatesa variationthatis slightlymore
in agreementwithexperiment.For B > 10° thepresentmethodtends
to indicatethelevelingoffandthedecreasein PB thatmustoccur;
theexperimentalvalueshavealsobegunto leveloff.

In figure24,thepresentmethodis comparedwiththeexperimental
resultsandthemethcdof CortrightandSchroeder.The presentmethod
wasbaseduponthethreemethodsem@oyed forcalculatingtheMachnum-
ber aheadof thebasegivenin reference3. The comparisonshowsthat
thepredictionis verymuchdependentuponthemethodfor calculating~.
Ibththemethodof CortrightandSchroederandthepresentmethodgive
fairpredictionsof theeffectof ~ andtheeffectof h/D. The
effectof increasingh/D is eeento increasewithincreasingP. The
presentmethodappearsto givea slightlybetterpredictionof the
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variationof ~ with ~ for ~ = 0.704.,butthismaybe fortuitous,
&

in part,sinceitwas statedin reference3 thatat ‘p = 5.63° the
boundarylayerwas inadvertentlythickened. .

Figuxe25(a)presentsexamplesof thecalculatedsurfacepressure
forvariousboattail.emgle6at Mm= 3.2k,_andin figure25(b)the
experimentalresultsof reference13 arecomparedwiihthepresent

——

method. Againthedependenceof themethoduponthetheoryemployed
to calculate~ is evident.Thepredictionbaseduponthemethodof
characteristicsis in closeagreementwiththeexperimentalresults.

In figure26fairagreementis showninmagnitudeandvariation
betweentheresultsof thepresentmethod,forwhichthevalueof ~
was calc~atedby thetheoriesofLighthill(ref.38)andof Jonesand
Margolis(ref.39),andthecompilationof experimentaldataforthe
NACARM-10missile(parabolicbody)fromreferences17, 31,~, and41.
On thebasisof thiscomparison,thepresentmethodwouldseemsatis-
facto~ forestimatingbasepressureonbodieswhoseboattaflsarenot
necessarilyconical.

Angle-of-attackeffects.-In general,.theinitialeffectof angle
of attackforbodiesof revolutionis to causea decreasein basepres-
sureuntilseparationon theleesideof theafterbodybecomesappreci-
able(usuallynear cl,= 150). Furtherincreasein a appearsto cause
a slightincreasein basepressureuntiltheangleof..stallis reached
(oftheorderof a,= 35°). Indicationsarethatat stallthebase
pressureexperiencesa decreaseand,withincreasein a beyondt~t
for stall,remainsfairlyconstantuntil a + 90°;near a . 900the
basepressuremustobviouslyincrease.BothbodyshapeandMachnumber
appearto havesignificanteffectsuponthevariationof l’~with a.
(Seerefs.10 and42,forexsmple.)All thedataexaminedfor G > 6°
weresubjectto sting-interferenceeffects;however,a preliminaryinves-
tigationconductedin theLangley9-inchsupersonictunnelindicatedthat
stingsupportsdesignedaccordingto existingstandardsso as to have
smalleffectat a = 0° (seerefs.2, 18,19,and27)maybe expectedto
haveequallysmalleffectat anglesof attackup to a~out600.

In orderto assessthepossibilitiesof theuseof thepresent
methodto estimateangle-of-attackeffects,theNACARM-10body(no
fins)was selectedsinceconsiderableexperimentalresultsexistfor
thisconfiguration.(Seerefs. LO and41,forexample.) As a point
of possibleinterest,alltheavailableexperimentalresultsforthe
RM-10bodytendto indicatethattherateof decreasein P~ with a
becomeslesswithincreasingN& evenforthe lowervaluesof Mm.
The experimentalresultsfortheRM-10bodyat M. = ~.49 areshown
in figure27(a)andarecomparedwiththevariousestimates.As a
crudefirst-orderestimate,theintegratedaverageva~ueof ~ was

M

$’

.

P
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* calculatedusingthemethodof JonesandMargolis(ref.39)to determine
thevalueof P justaheadof theba~eat a = 0° andthemethodof
Allen(ref.43),givenhereas

u
(2)

to determinetheradialpressuredistributionat thebase. At each
valueof a,,the integratedaveragevalueof ~ thusdeterminedwas
usedto calculatePB. As shownin figure27(a),the resultsindicate
a decreasein PB with a, but therateof decreaseis considerably
lessthanexperiment.Thiscrudeestimatedoesnottakeintoaccount
thepossibilitythata portionof theleesurfaceaheadof thebase
mayhaveexceeded5eja conditionthathas obviouslyoccurredat the
higheranglesof attack.A secondandmorerefinedestimatewasmade
withthisconditionaccountedforby the samemethodemployedto
estimateboattaileffects;thatis,at eachvalueof G the value
of pB wa8determinedby accountingfortheboattailangleandthe
effectiveangleof attack. It was assumedthatthepressureon the
bodysurfaceaheadof thebasewas constaatbeyondthevalueof 0
forseparationat each a. (Seefig.27(b).) The integratedaverage

. valueof pB was calculatedin thismannerforeach a. The variation
of PB with a fromthissecondestimateis in fairagreementwith
theexperimentalresults.Alsoshownfor comparisonis thevsriation

< of Fj=jwith a estimatedby assumingthat PB changesaccordingto
thechangein P at 0 = 90° as givenby equation(2). The general
agreementbetweenthisformof estimationandexperimentwas first
notedin reference4-0andwas concludedto be somewhatfortuitous;the
sameconclusionis reachedhereforanglesof attackbeyondthatfor
separationon theleesideof thebody,but forangles.ofattackless
thanthatforseparationthisestimateshouldgivea fairapproximation
sincethevariationin ~ on the leesideof thebodytendsto be
offsetby thevariationon thewindwardside.

In equation(2)thetermin thebracket,whichrepresentsm
effects,is independentof Machnumber,but it is clearthatthis
expressioncannotbe usedat Machnumbersmuchgreaterthan2 since
it givesa variationwhichwouldyieldvaluesof PB lessthanthe
absolutelidt (vacuum).At veryhighMachnumbers (Mmz 7) Ferri’s
conetheoryextendedto thebodysurfacewofldseemto be applicable.
(Seeref.4-4.) A methodapplicableto theintermediaterangehasnot
beenfound.

Bdies WithFins

. Problemin general.-The additionof finsto a bcdyof revolution
may or maynothavean appreciableeffecton thebasepressure.The
primaryvariablesthatmay influencethebasepressurethroughthe

% presenceof thefinsare: free-streamMachnumber,numberof fins,
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finsection,finlocation,finthicknessratio,bcdydiameter,fin
sweepback,and finspan. Bodyshapeandboattailingwill,of course,
interactwiththeabovevariablesto affectthebasepressure.There
havebeennumerousbase-pressureinvestigationsof bodieswithfins
but relativelyfew to investigatethefineffects.Examplesof the
lattermaybe seenin references15,18,20,22,and30.

Configurationforprincipalanalysis.-The configurationwhich
seemsto predominatein mostexperimentalinvestigationsis thatof
references15,20,and 30. Additionalunpublisheddatafora similar
configurationhaverecentlybeenobtainedin theLangley9-inchsuper-
sonictunnelandarepresentedherein.Thebasicconfigurationconsists
of a cylindricalbodyequippedwithan ogivalnoseandfourequally
spaced10-percent-thickfinshavingsymmetricalcircular-arcsections
andrectangularplanforms. The ratioof finspanto bodydiameter
is 3.5,theratioof finthicknessto bodydiameteris 0.15,andthe
trailingedgesof thefinsarecoincidentwiththebase. The original
full-scalemodelsweretestedin freeflightandwerereportedon in
references15 and20. In reference30,a foreshortenedmodelwas
testedin a windtunnelto determinetheeffectsof finlocation,fin
thiclmess,andnumberof fins. Forthetestsin theLangley9-inch .
supersonicwindtunnelthenoseof thebodywas conical,butwas far

.

enoughaheadof thefinsto havenegligibleeffecton thebasepressure
fromnoseshape. In addition,thebodyextendedonefin-chordlength s
behindthefintrailingedge. Measurementsweremadeof thepressure
fieldon thebodysurfacecreatedby thepresenceof thefins. Less
extensivedirectmeasurementsweremadeof theeffectsof finlocation
on basepressure.

Effectsof finlocationandMachnumber.-Figu.re28presentsthe
resultsof thepressuremeasurementson thebodysurfaceat Machn -
hersof 1.93and 2.41forReynoldsnumbersof approximately3 X 10Y

and12X 106.For thelowerReynoldsnumberlaminarflowexistedahead
of the fin-bodyjuncturewhichcausedturbulentflowin themsmner
describedin referenceI-8.AtthehigherReynoldsnumbernaturaltransi-
tionoccurredconsiderablyaheadof thefin-bodyjuncture.The results
at M@. 1.93 showthatReynoldsnumberhadlittleeffecton thebody
pressures,whereasat Mm= z.41-thehigherReynoldsnumbergavecon-
sistentlyhigherbcdypressures. :

In orderto determinewhetheran averageMachnumberaheadof the
basecouldbe usedto predictthebasepressure,thesurfacepressure
coefficientsof figure28forthehigherReynoldsnumberwereemployed
to obtaintheintegratedaverageMachnumberaheadof thebaseshownin
figure29. The valuesof x/c definethelocationwithrespectto
thebaseof thetrailingedgeof thefinin termsof finchordand z
agreewiththeconventionusedin reference30. Utilizingthepresent

?
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w methd forpredictingbasepressures,thevaluesof ~ shownin fig-
ure 30werecomputed.In reference30 experimentalvaluesof PB were

* obtainedat Machnumbers1.5and 2.0withvaryingx/c. Thesevalues
maybe subjectto someeffectsfromnoseshape,particularlyforthe
largepositivevaluesof x/c,sincetherelationof thebcdy-alone
pressuredistribution(for M = 2.00)to thegeometryof the configu-
rationis as shownin figure31, However,a preliminaryinvestigation
of theeffectof bodylengthin reference30 seemsto indicatethat
theseeffectswouldbe small. Also,as shownin figure31,at nega-
tive x/c thebaseof the finsprotrudedintothedead-airregion
behindthebaseandmay havesomeeffecton theexperimentalvalues
of P-B.Fromthe comparisonsto follow,however,theseeffectswould
alsoseemto be small.

Figure32 presentsseveralcomparisonsof predictedandexperi-
mentalvaluesof ~ forthefinnedbodyas x/c is varied.The
experimentalresultsobtainedin reference30 at Mm = 1,50and2.00
areshownas thedot-dashcurvesextendingovera rangeof ~ = il. A
comparisonof the curveat Mm= 2.00 withthe calculatedcurveof
figure30 for M.= 1.93 indicatedan almostexactpredictionof the
variationin basepressureif thecalculatedcurvewereshifteddown-
streamby $ m 0.5. The calculatedcurveshiftedby thisamountis

s shownin figure32. Althoughtheagreementin variationwith x/c is
good,thepredictedvaluesof basepressurefor & = 1.93 wouldappear
to be slightlyhighwhencomparedtiththe experimentalvaluesfor
m= 2.00.At M = 2.41 theexperimentalmeasurementsof ~ were
confinedto positivex/c. Thoughthe justificationis notas strong
as forthepreviouscomparison,a shiftof thepredictedcurvedown-
streamby ~ x 0.6 givesa generalagreementwiththeexperimental
variationin theoverlappingrangeof positivex/c. As before,the
predictedvaluesof basepressureare somewhathigh.

In spiteof the shortcomingsof theabovecomparisons,several
indicationsof variousfineffectsareshown. Themostimportant
findinghereseemsto be thatwhereasforunfinnedbodies,including
thoseof smallfinenessratio,thebasepressuremaybe reasonably
predictedwhentheMachnunberandpressureaheadof thebaseare lmown,
forthefinnedbodyof thisinvestigationthe integrate@averageMach
numberaheadof thebasepredictsthepropervariationof basepressure
withfinlocationonlywhenthe-predictedvariationis shiftedrearward.
Consequently,theconclusionmaybe drawnthattheeffectsof the
pressurefieldscreatedby thefinshaveappreciableeffecton the
wakeboundariesbehindthebaseandmustbe takenintoaccount.In
addition,thema~itudeof thepredictionof PB fromtheintegrated
averagevalueof ~ is of therightorderwhenthedistancethrough
whichthepredictedcurvemustbe shiftedis lmown. The effectof
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increasingMachnumberis to lessenthefineffectsat a givenvalue- .

of x/c andto extendfurtherdownstreamtheregionof influencefrom
thefins;bothof theseeffectswouldbe expectedsinceincreasing
Machnumberreducesthicknesseffectsandcausestheregionsof dis-

W

turbancefroma pointto be sweptfarther,back.Fromthe resultsof
figure32,theeffectof increasingbodydiameterwhileallother
parametersareheldconstantmaybe reasonedto resultgenerallyin a
reductionof thefineffectsuponthebasepressure.

Effectsof thicknessratioandsweepbackof fins.-Figure33
presentsthevariationinbasepressureresultingfroma variationin
thicknessratioof thefinsforthisconfiguration.All dataarefor

a finpositionof ~ = O. Theeffectof increasing_t/c in decreasing
thebasepressureis seento be significant.Alsoindicatedis the _
reductionof thiseffectfromincreasingMachnumber.In viewof
theseeffectsJ g~~ng swewback to thefinswould,inmost~stuces,
decreasethefineffectsuponbasepressuresince,effectively,the
thiclmessratioof thefinparallelto thebodysurfaceis reduced.
The resultsof reference18whencompared,yiththeresultsof the __
presentinvestigationforsimilarfinlocations,andwithpropercon-_
siderationof thiclmessas shownin figure33,demonstrateclearlythe
reducedfineffectsresultingfromsweepingthefinsback45°. Fig-
ure 34 givesan exampleof therelativelysmalleffectsof thefinso-f k
theNACARM-10missile,whichare10 percentthickandsweptback600.. .

Someestimationsof fineffects.-In an effortLo determinewhether
thepressurefielddueto thefinsfortheconfigurationunderdiscussion
couldbe approximatedreasonablyby simpleshock-expansiontheory,and
therebymakesomecrudeapproximationsof thefineffectson base

pressurefor ~ = O overtheMachnumberrangeof theresultsof refer-
ences15 and20,the integratedaverageMachnumberaheadof thebase
wasdeterminedby graphicallyconstructingtheexps,ns_ionfieldabouta

finat Mm= 2.00fora rangeof ~ = il. The resultingestimationof
PB (shifteddownstreamby ~ = 0.5 as before)is enteredon figure32
andcomparedwiththeexperimentalresults.From :=0 to :=-1.0
theestimationis fair. Thehighpressurepeakbeyond ~ = -1.0 appears
invalid,thoughit is a crudepredictionof trend;thevaluesfor

:>0 areunsatisfactory.On thebasisof thefairpredictionfrom
x–=0 to & -1.0,thismethcxihasbeenusedin the.predictionstoc
be discussedin thefollowingparagraph. .

Figure35presentsa comparisonof thefree-flightresultsforthe
.

configurationunderdiscussion(fromref.15)andtwopredictions
M
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L utilizingthepresentmethcdbaBedupontheintegrated.averageMach
numberat certainx/c stations.Alsoincludedfor comparisonare
thewind-tunnelresults,withandwithoutfins,fromthetestsin the<
Langley9-inchsupersonictunnelandthosereportedin reference30,
andthebody-alonecurvefromfigure18. Referringto figure32,the
amountof displacementin thepredictedcurvesnecessaryto bring
themin linewiththe experimentalvariationsis seento be equivalent
to thenegativevalueof x/c at whichtheminimumbasepressure
occurs. Oneof thepredictedcurvesof figure35 (estimateA) is
baseduponthisdisplacement.The locationof theminimumbasepressure
at negativex/c plottedagainstMachnumbergivesessentiallya
linearvariationwith ~, andthisassumedlinearvariationhasbeen
usedto selectthevalueof x/c forwhichtheintegratedaverage&
was calculatedforestimatingPB. For example,at M = 2.00 the
valueof x/c to be usedis about0.51,andat M = 1.50 it is
approximatelyO.k. (Thestationsforcalculationmustbe positive
sincethecurveis alwaysshiftedto theright.)Essentially,there-
fore,thevalueof ~ thusobtainedcorrespondsto a stationbehind
thebaseandalonga fictitiousextensionof thebodysurface,andin
thisregardsupportsthemethodof Chapman(ref.2).

.
The otherpredictedcurvein figure35 (estimateB) was obtained

by a somewhatdifferentmethodin thatthestationbehindthebase,
● but alonga fictitiousextensionof thebody,was chosendifferently.

In reference2, measurementsweremadeof thewakethicknessbehind
cone-cylinderbodiesof finenessratio5. The fairedcurvefromthese
measurementsis shuwnin figure36(a)in termsof basediameter.The
wakethickness~ wasmeasuredjustbehindthetrailingshocksince
in thisregion ~ is almostconstantand iswelldefined.These
valuesof ~ havebeenusedwiththevaluesof 0 fromfigure14 to
calculatean approximationof thelocationof thebaseof thetrailing
shockin termsof bodydiametersfromthebase. The resultsareshown
in figxre36(b). (Itis interestingto notethatalthough& amd 0
mayvaryappreciablywith Mm, theapproximatelocationof thebaseof
thetrailingshockexperienceslittlechsmge.) The assumptionwasmade
thatdisturbsmcesfromthe finswouldhaveno effecton PB beyonda
valueof x/c correspondingto thelocationof thebaseof thetrailing
shockthusdetermined.The stationbehindthebasealongthefictitious
bodyextensionselectedfor calculating~ was halfwaybetweenthe
baseof thebodyandthebaseof thetrailingshock,or if thelast
expansionfromthe findidnotreach ~ = %( low Mm),thestation
washalfwaybetweenthebaseandtheintersectionof thelastexpansion
fromthefinwiththe extendedbcdy(meridian45°frommeridianof fin).

As shownin figure35 theformerestimate(labeledestimateA). is morein agreementwithexperimentat thehigherMachnumberswtile
thelatterestimate(estimateB) tendstobe-e satisfactoryat the

i
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lowerMachnumbers.Eventhoughtheseapproximationsarebasedon
simpleapproaches,bothgivea fairestimationof thefineffects.No
calculationsweremadebelow M = 1.5 sincetheleiding-edgeshock
on thefirmis neardetachment.Shockdetachmentandtheinteraction
of theshocksfromoppositefinsmay explainwhy theexperimental
resultstendto leveloffat thelowerMachnumbers.All of thewind-
tunnelbasepressuresforthefinnedbodyarelowerthanthefree-
flightresults.Thebody-aloneresultsarein fairagreementwith
thecurvefromfigure18withthepossibleexceptionof thepointat
M= 1.5. Alsoindicatedis thedecreasein fineffectsas Machnumber
increases.

Generalremarks,-It is possibleto visualizet~t forcertain
conditionsthefinswouldhavesmallor negligiblee?fecton base
pressureuntilmoderateor highMachnumbersarereached.For example,
a fincouldbe of sucha designandso locatedwithrespectto the
basethatat lowMachnumbersonlysmalleffectswouldbe experienced
by PB dueto thelocalizationof theregionof primaryinfluence.
At higherMachnumbersthedownstreaexte~sionof the regionof primary
influencecouldcausea decreaseinbasepressure.Sucha variation
hasbeenmeasuredin thevicinityof Mm= 2.6 on finnedfree-flight
mcxlelsandreportedin reference24. —

Thereis a needformuchadditionalexperimentalinformationon
theeffectsof thevariablesassociatedwithfinsuponthebasepres-
sure. Eventhoughthesimplifiedapproachpresentbdhereingivesfair
approximationsof thepressurescreatedby thefins,a morerigorous
methodwouldaidconsiderablyin attemptsto analyzethe fineffects.
ThemethodofMaskowitzandMaslen(ref.4.5)may,whenmodifiedto
applyto cruciformfins,givea sufficientlyaccuratepredictionof
thepressureson thebodysurfaceto aidin suchan analysis;inview
of theratherlengthycalculationsinvolvedandthefactthatthe
agreementbetweenpredictionandexperimentshownin reference45 was,
in someinstances,onlyfair,no attemptwas
tothis investigation.

madeto extendthemethod

CONCLUDINGREMARKS

A summaryanalysishasbeenmadeof availableexperimentaldata
to showtheeffectsof mostof thevariablesthataremorepredominant
in influencingbasepressureat supersonicspeedsontwo-dimensional
basesandthebasesof bodle~of revolution,withandwithoutfins,
havingturbulentboundarylayers.In thisanalysisan attempthasalso
beenmadeto showthepresentstatusof availableexperimentalinforma-
tionon basepressureandthemethodsforitsprediction.

.
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A simplesemiempiricalmethodis presentedforestimatingbase
pressurethatessentiallyextendsthemethodof CortrightandSchroeder
(NACAFJtE51F26),andwhichfortwo-dimensionalbases,stemsfroman
analo= establishedbetweenthebase-pressurephenomenaandthepres-
surerisereqtiredto separatetheboundarylayer. An analysisis
madeforaxiallysymnetricflowwhichindicatesthatthebasepressure
forbodiesof revolutionis subjectto the sameanalogy.Rasedupon
themethodspresented,estimationsaremadeof sucheffectsas Mach
number,angleof attack,boattailing,finenessratio,and fineffects.
Theseestimationsarefairpredictionsof experimentalresults.

Thereappearto be fewsystematicinvestigationsof theeffects
of finsuponbasepressure.The complexityof thisproblemandthe
msnyvariablesinvolvedwouldseemto warrantequalif notmoreatten-
tionin experimentalandtheoreticalinvestlgationathanthatbeing
devotedto bodieswithoutfins.

LangleyAeronauticalLaboratory,
NationalAdvisoryComnitteeforAeronautics,

LangleyField,Va.
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